this has been difficult to generalize experimentally. Numerous downstream consequences from R-avr interaction have been described, including cellular ion influxes, an oxidative burst leading to the accumulation of superoxide and hydrogen peroxide, nitric oxide production, concept of R gene-signaling redundancy. RPP8 does While the simplest interpretation of this genetic model not require EDS1 or NDR1, but combined mutations in is that the R product is a receptor for the avr product, both moderately suppress RPP8 (McDowell et al., 2000) . To date, no genes required for Arabidopsis viability have been additionally implicated in R gene-mediated disease
Introduction cascade but rather the product of a network of cellular responses indicative of multiple signaling pathways actPlants prevent most pathogens from causing disease ing in parallel. through a variety of preformed and active defense reSeveral explanations, including activation of parallel sponses. Genetic dissection of active defense resignaling pathways and lethality, could account for the sponses has identified a related class of plant resistance low number of loci defined in screens for loss of R func-(R) genes whose protein products are necessary for the tion. For example, analysis of RPP8 function (resistance direct or indirect recognition of pathogen avirulence (avr) to Peronospora parasitica isolate Emco5) supports the gene products (reviewed in Dangl and Jones, 2001).
concept of R gene-signaling redundancy. RPP8 does While the simplest interpretation of this genetic model not require EDS1 or NDR1, but combined mutations in is that the R product is a receptor for the avr product, both moderately suppress RPP8 (McDowell et al., 2000). To date, no genes required for Arabidopsis viability have been additionally implicated in R gene-mediated disease for defense responses are also generally rendered resisApproximately 5.5 ϫ 10 6 colonies from a pathogentant to normally virulent pathogens. Numerous stresses, induced cDNA library were screened, and no interactions including developmental impairment, may activate plant were found. Western analysis suggested that full-length defense. Therefore, caution should be exercised when RPM1 proteins were made in relatively low abundance implicating a direct role in disease resistance for the in yeast (data not shown). We therefore made bait conwild-type product of the genes identified by such mutastructs with shorter regions of RPM1 and screened an tions. Nevertheless, phenotypes of this mutant class additional ‫0.2ف‬ ϫ 10 6 colonies with a bait containing suggest that genes involved in disease resistance may RPM1 amino acids (aa) 55-341 (pEG10; Figure 1A ). Araalso have important developmental functions. Those bidopsis clone L29 was found to consistently and with essential functions would not be isolated in most strongly activate both reporter genes. Because L29 engenetic screens. Recently, mutation of the Arabidopsis codes an ortholog of the animal protein TIP49a (see MAPK4 gene was demonstrated to both enhance resisbelow), we refer to it hereafter as AtTIP49a. We assayed tance to virulent pathogens and cause developmental other regions of RPM1 and demonstrated that a CC-NB abnormalities (Petersen et al., 2000) . That a single MAPK bait (pEG7; Figure 1A ) also interacted with AtTIP49a. protein can function in various contexts (Madhani and Two additional baits, containing both the CC and NB Fink, 1998) is an illustrative example of how pleiotropy domains (pEG8 and 9; Figure 1A ) and, hence, the intercan confound simple assignment of function in diseaseacting region of RPM1 defined by pEG7 and pEG10, did resistance signaling.
not interact with AtTIP49a. One possibility for the lack Arabidopsis RPM1 (resistance to Pseudomonas syrinof interaction with these baits is that the presence of gae pv maculicola) encodes a CC-NB-LRR class protein the CC and NB domains together, in certain contexts, that specifies recognition of Pseudomonas syringae masks the interaction domain of RPM1. strains expressing either the avrRpm1 or avrB avirulence
We addressed whether other R proteins could also genes (Grant et al., 1995). P. syringae (Ps) pathogens interact with AtTIP49a. We tested a series of roughly carrying avrRpm1 or avrB are recognized in planta by corresponding baits from RPP5 (resistance to Per-RPM1, resulting in a rapid HR (typically 3-5 hr post onospora parasitica isolate Noco2; Parker et al., 1997) inoculation) and essentially no pathogen reproduction and RPS2 (resistance to Pseudomonas syringae with or plant disease symptoms. In the absence of RPM1, 
Reduction of AtTIP49a Impairs Arabidopsis

Meristem Establishment
An insertion in AtTIP49a was lethal (see below), so we used antisense suppression to generate viable reduction of function alleles (tip49as). Aberrant meristem development phenotypes were apparent in the first generation of plants. Plants ranging in phenotypic severity were selected, and stable nonsegregating tip49as lines were established.
The strongest tip49as alleles germinated normally and had largely wild-type cotyledons, with rare cotyledon enlargement and cupping compared to Col-0 at 7-10 days post germination (Figure 2A ). The nearly wild-type morphologies at this developmental stage were important for subsequent pathology tests with P. parasitica. At the next major developmental stage, when most wildtype plants had obvious first true leaves, most tip49as plants halted growth ( Figure 2B ). In some cases, one or both of the first true leaves emerged in a timely fashion but were typically misshapen with uneven margins, cup- blot in Figure 2E demonstrates that the morphological and meristem defects correlated with strongly reduced levels of AtTIP49a mRNA in 20-day-old plants. These data suggest a requirement for AtTIP49a in meristem development.
AtTIP49a
Negatively Regulates RPP5-and RPP2-Mediated Disease Resistance Since AtTIP49a interacts with RPP5 in yeast two-hybrid assays, we tested the effects of tip49as alleles on resistance to Peronospora parasitica (Pp) isolates. This system has the advantage, compared to P. syringae ( Figure 3A , were counted for each cotyledon, as displayed in Figure 3B . The strong tip49as11 allele enhanced RPP5 function. For example, greater than 60% of the RPP5/Ϫ, tip49as11/Ϫ double hemizygous plants had no symptoms compared to less than 30% of the RPP5/Ϫ hemizygotes (all cotyledons were heavily inoculated). Conversely, RPP5/Ϫ cotyledons were much more likely to contain the free hyphae associated with higher susceptibility than the RPP5/Ϫ, tip49as11/Ϫ double hemizygotes. Additionally, this enhanced resistance to Noco2 is RPP5 dependent. Cotyledons hemizygous for tip49as11 and null for rpp5 are fully susceptible. Greater than 80% of the tip49as11/Ϫ, rpp5/rpp5 cotyledons had free hyphae, and ‫%06ف‬ had greater than five sporangiophores (similar to results for wild-type Col-0(rpp5); data not shown). These data suggest that AtTIP49a functions as an R-dependent negative regulator of disease resistance.
For the second sensitized screen, we assayed the had no measurable effect on growth of any of these isolates (data not shown). We extended this phenotypic data by following the accumulation of PR1 mRNA (a Col-0 tip49as alleles were quantitatively compared to commonly used marker for defense activation; Uknes Col-0 (RPP2) and Landsberg (La-er; rpp2) controls (Figet al., 1993 ) in tip49as11 and wild-type plants inoculated ure 4B). We observed a clear shift toward greater resiswith P. parasitica Cala2. We matched the time points tance in the strongest tip49as lines (tip49as11, 14, and used for the P. parasitica pathology tests (see Figure 4 ) 18), as measured by the percentage of cotyledons exhiband tissue collections for mRNA blotting. The results iting no pathogen growth. As predicted from its level of presented in Figure 5A clearly show that tip49as11 AtTIP49a mRNA suppression, tip49as7 responded like plants do not constitutively express PR1 and that the wild-type. These data demonstrate that AtTIP49a suptiming of PR1 transcriptional activation following infecpression reduces the growth of the Pp isolate Cala2 and tion is similar to wild-type plants. However, PR1 is more suggest that AtTIP49a also negatively regulates RPP2 strongly expressed following pathogen challenge in the function. Because RPP2 was not cloned, we were unable tip49as plants. Thus, one function of AtTIP49a is to suppress R-dependent activation of defense responses. to test whether its product interacts with AtTIP49a. . We carefully examined the that AtTIP49a acts as a negative regulator of R genemediated disease resistance. The lack of an RPM1-effects of significantly lowering levels of TIP49a. We demonstrate that reduction of AtTIP49a mRNA levels associated phenotype may be due to the strength of the RPM1-avrRpm1 interaction. This interaction results leads to severe morphological and developmental defects in Arabidopsis. These defects include an inability in a rapid HR (Ͻ5 hr) and very limited pathogen growth (Dangl et al., 1992b) , suggesting that it may not be possior delay in establishing the meristem, leaf development abnormalities, such as incomplete margins, and female ble to measure a further enhancement in tip49as lines. It is important to note that all of the tip49as lines still gametophyte lethality. Even though we have shown that AtTIP49a partially complements TIP49a deletions in have detectable, although strongly reduced, levels of AtTIP49a mRNA. Because of the additional, essential yeast, these developmental processes are plant life cycle specific. This suggests that AtTIP49a retained basic function of AtTIP49a, it is possible that its role in resistance is greater than we can measure phenotypically.
AtTip49a Is Essential for
functions during evolution but has also been recruited for novel, plant-specific processes. Notably, TIP49a has Mammalian TIP49a was initially identified in rat nuclear extracts via its association with the TATA binding been shown to bind and activate plasminogen (Hawley and DC3000(avrRpm1) were maintained on KB media plates containing kanamycin (30 g/ml) and References rifampicin (100 /ml). 
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